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TECHNICAL REPORT R-126

ANALYSIS OF CLOSE LUNAR TRANSLATION TECHNIQUES

By JOSI,H'tI U. SlVO, CAR[, E. CAMPBELL, and VLADIM1R I[AMZA

SUMMARY

An anal!/si._, of ,several tech_iflue,_ fl,r clo,_'e bumr
'anslation wa,_ made to determi_e their relative

_erit,s based primarily o_ fuel eor_._umption. It
'as assumed that the lurmr vehicle was i_ a near-

overing condition at the start of the maneuver.
_ranslation was accmnplis'hed ballistically or at a

)nstaM altitude. In the httter case, lateral th.ruxt

,ax obtai_ed by tiltb_g a ,_iy_gle-emline vehicle or by

_.e us'e of auxiliary side-thrusting enginex. The

!udy eo;_sidered tra_,4ations up to 5 ,statute miles it_

'.ngth.
The ballistic mal_eurer con,_umed the lea,st .fuel

,r a given ravage; however, the conxtant-altittule
_a_eucers were .not greatly differe_d. The ._ingle-

,_gine tiltb_g vehicle v,,a._ more efieie_t than the

_ultiengi_e ,s'y,,'tem.for celesta|d-altitude tra_slatiol_.
'or eonsta_d-altitude traw4atio_._ of a given ravage,

'lel consumption decreased when the cehicle was

llowed to coa,_'t (vertical thru._'t only) between the
eeeleratio_ aJ,1 deceleratbm portions of the flight

s compared with _w-eoaxt tral_slatio_,

The total o_-board fuel requireme_ds of a lu_mr

_mling vehicle deereaxed with deerea.sb_g hover

ltittule r'egawtlexs oj the traw4atio_ml ma_euvers
)_sidered.

INTRODUCTION

With the advent of hmar expeditions using

totaled vehicles, it appears that it. will be neces-

try to include in the vehicle design a capability

[ hovering near the hmar surface and/or of

_eeting horizontal translation prior to hmdiug.
_me of the reasons for this requirement inclu(te

,fined binding-site selection, lunar surface suvvey,

_(1 the need to reach a st)critic rendezvous point
the hmar surface.

During the past 2 years, w_rious studies of the

utomatie landing phase from termination of the

ring of the main retrorocket to the point of soft

hmar contact have been conducted (e.g., refs.

1 and 2). The primary emphasis in those studies

has t)een on gui(hmce instrumentation and 1)re-

pulsion system requirements which will satisfy the

objective of a soft hmding. Some thought has

been given to the alteration of the descent trajec-

tory in order to accomplish a translation of the

impact point. It. is generally agreed that, if an

alteration of the flight l)ath is to be made to change
the impact point, the sooner it is aecoml)lished,

the more eiticicnt_ will be the fuel consumption

during the descent. Itowt, ver, it is quite possible
that ,_ final decision will t)(' required in very close

proximity to tit(, hmar surface, owing to problems

of visibility and resolution through the rocket

exhaust 'rod possibly hmar (lust and to vehicle
vii)ration effects on the observer.

Related herein is 't t)rief amdysis of several

types of translational maneuvers that: can be used
after the vicinity of the lumtr sm'face has been

reached arm the vehicle bl'ougl_b to a hover ov
ne,'w-hover condition. The initial conditions of

the t ertninal maneuver can t)e reached 1)y retvo-

rockcb firiug during a collision trajectory approach

or a grazing trajectory al)proach to the lunar
suvfact,. The lypes of trtmshttion lllalle/lvers

pl'esentt,d are constant-altitude translation using
both single and mull|engine systems and _
ballistic tr,_nsbflion which includes the final phase

of descent to the hmar surface. These maneuvers

were artalyzed over a range of initial altitudes up

to 40,000 feet for t]lrust-to-hmar-wt'ight ratios ut)
to 10 and for translation distances Ul) to 5 statute

miles. The rehttive merits of each type of man(m-

vet' are (liseussed mainly on the basis of fuel

consumption for propulsion systems with 1)oth

variable- and constant-thrttst engines. The time

factor associated with the various maneuvers is

,dso discussed.
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('harts for the solutions of the motion equations

for ballistic-type translational manouvet's ure

presented inappetMixC. Thesechnrtsprovidea
relatively rapid means of approximating the

requirements of ballistic translation for a variety
of initial conditions.

ANALYSIS OF BASIC MANEUVERS

The following anulysis assumes the vehicle 1o

be a point, mass <'oncenlrated at. the vehicle

center of gt'avity and ma]wttvoring in a constant-

gravity fieht. All weights prose/lied are moon

weights. In all cns(,s, tho horizontal and vertical
velocity compcmotlls at the end of the transht-

tiomtl lmtlletlVer tll'o zero. The followin+z analysis

is tm,sonted in more dp/ail in appendix B.

BAIA,INTIC TRANSLATION

A sketch of typical vehicle trajectories during

a ballistic JmJneuver is shown in figtm, 1. The

_zem,r,i1 proce<lure in perl'o,'ming this mam, uver
wou[<l begin with rotation of the vehi<:le to the

t)roper firing atlgh'. T]II'IlSl iS then initiated
(point A) aml tmtintaim,d while the firing angle

(thrttst vector angle) is held cOIlSlatlt with respe<'t

to the locifl vortical. A t'onstant fivillg nngh,,

which is optimized to maximize the ranffe during

bat)st aim the free-flight phase, is used to f'acilitnte

tht' cah'ulations. Althot@t the ust, of a fixed

firing anglo is not m,t'essarily +a tt'ue optil_Uln pro-
cedure for tht, burning times involvcd the non-

ol_timum effects c;tn I)e cotlsidered twgligible.
rJ'llt' tlll'tlSt is tel'lllilllliOt] ;lll<l tilt" vehi<'h, is allowed

Thrust on
Thrust off

/FEnd of boost

/; _End of coast

\

,.FPoth for finite

\_/ initial vertical velocily
N
i N

\
rPofh for

\ \ ' zero initial velocity
Free-foil region \ \ /]

\\ \_Starting of

Range

I:l_;t'/tt+: I. Typical ballistic tr:mslttlion trajt+clori_,>.

to coast and full freely to the relt'orocket firit:

altitude. Prior lo the retrorocket phase, tl

vehicle is alined along tho velo<'itv vector. TI
thrust vector is lmfintained along the volocit

vector dut'in_z retrtwockot firin,,., tmtil zero velocit

is roa<'}iod. '['}lrustinff along tilt, velocity vectt
ollmttt'os simultaneous tet'tninntion ole both horizot

tal and vertical velar'try eompom,tLts.

In the tmllistit. Iltttllt'tlV(,l'+ with vonstant lht'us

weight ratio /mtintainod during tmt'/+ing (v,riabh

t hrtlst engim,)+ the lolal tango is llmde tip of

boost phase, ;t freo-fliglll or unpowered phase, an

a retrothrust phase, l)urin+z the boost phas,

range <'hange oectirs as a rosult of initial hovizont._
velo,ity (.5/;,) +mtt boost thrust (Alto). I)urin

free flight, the l'ange t'llttll_Z(! results from a coa+
to maxinltttn altitude and return to burnout alt,

l ttde when tim lmrnotlt velocity is directed upwn/'

(AII_), follow(,<l by :t I'reo Jail l'rom t)urt)out allitud

to (he r(,lrothrtlst initial allittMo (AlII].). Rang

during boost and fr(,(,-lli_ht pllasos x'<+_so|)laitm
with elosed-l'ornl solut ions of I I,, tllO[ ion equal to/l',

since time is lilt' only vaviabh,, llowever, din'in

retrothrtlst, lhe range _l,_ was obtained by a

amtlog sohttim_ of the motion t,qualions in whic

both ntagniltlde aml tlit'e_qion of lhe velocity at
variahh,s.

The f'ttt,l constIinption <luring the nmm,ttvt,r

given l_.,+'tho following eqttation:

"'f+ l-- [_(k ,,)(/,+,_)qtl_,/_ --- e .rj,J ¢1 it, t, I

(Syll_bols arc dotined in appendix A.)

A graphical solution of' tilt' t,tllistic mam,ttvt

with <'onsttlttt thrust-weight ratio is given i

appendix C.

The tqtualions that result if a eonstanl-thru+

('llgitIP is llst'([ lIFO much the same as with earls|at'

thrust-weight ratio. In lids instance to simpiif
the calculatio/is the range dut'in_ retrolhrust .51
was deiet'mim,d from a closed-forth solulion of it:

motion equations made possit+le by assuming the

the thrust vector angle was cot_s(ant with respet

to the local vertical during retroth,'ust+ This sti

retlttit'es an iterative solution to obtain zet't

volocity conq)ont,nts a_ the temnimttion altitud,
however, since the ('OllStan|-tllrttst case Wits Otl]

used as a point of conlparison, a nmo}lino com[)t

t_ltiotl wns not Wlll'l'ttlltOd.
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The resulting fuel ('onstunt)tions during t)oosl
ml retrothrust ave ns follows:

"w/_ (lQ'w())t,,

',Ls')(l(,,".,"),_

HORIZONTAL TRANSLATION

This Jmmeuv(,r can b(' I)('vformt'd with n v(,hi,!h,

vhieh provides s(,l)nrntt' (,ngin<,s for the v(,rli('al
ll(l horizontn[ (hvust v(,quir(,m(,nt,_ or with a til(ing

'(,hM(, tlm( us(,s a si))gl(, engim, lo l)vovi(h' l)oth

[H'ttsl ('Oml)On('nts.

With th(, )nulliengin(' svst(,m th(, pvo('(,duv(,
<ouhl I)(, to a('('(,h, rnte horizont_dlv from a hov(,r-

ng ('ou(lit ion with the horizoutally inount(,(l (,)igin(,
o some v(,h)('i(y, then ('()ast wilh (his (,ngine off,

vith )fltilu(h, b(,ing' suslnin(,(l by th(, v(,vti('_lly

iring (,ngi)w. The vt,hM(, would (hen l)(, (h,('(,h,r-

Lt(,d to a hov(,rin_z ('o)_(lilion wi(h eith(,v _t din-

n(,t)'i('allv Ol)pOS(,d horizontal (,.g'i)w ov ul't(,v a
>hi<'le rot;tii()n of l,_() ° with th(, sa)))(, horizontal

'll_lll (".

The tolnl rnng(' of (h(' lranslalio)l llSiIlg l[10

nuhi(,ugino syst(,m is _iv(,u l)v th(, following

'(tuut ion :

) ) ) ) )
Ii I ---._ll ,,,'c+l-) ,-_11 c _ -_l! d,r,l

) )vh(,r(, _l ....... t Al+,.:wh(,n the horizontal (,)ig'in(,

tmintains tt ('onstau( tht'ust-v:eight rntio.

The r(,sultit+g fu('l <'onsun)l)lion for this system
s ("iV('ll I)V

1 rp { -- ? :'+',I.., --"I.+.

Th(' sing'h,-(,ngin(' syslen+ r(,(luir(,._ that th(,
,'ehi('le be tilt(,d to a pr(,scril)(,d a))gl(, 1o l)rovi(h,
mrizontal a('('(,h,ration. This n(,(,(,ssitnt(,s an in-

.tease in (,ngin(, thrusl (hll'iltg tilting in <w(h,r (o

naintain a vertical thl'tl_t <'ompon(,nt (,qunl to th(,

+chicle weight. I)urinff th(, tilting, tt horizont+d
ranslation o('<'urs. The vehi('h, th(,n transhtl(,s

d constant altitude and ('onstunt (],'us( angle

vhcz'c the (,ngitm thrusl-wt, ight r_ltio is i)r(,sumed
onstnnt. The vehi<q(, is then r<,lttrn(,d to tlm

"(,rti('al position v<ith thrust equal to w(,ig'hl nnd
llow(,(l to coast. The tilting t)ro('(,(htre is dupli-
:at(,d in the reverse direction lo de('(+h:rate tim

v(,lfi('le. A d(,t)tile(l discussio)) of firing angle

optimization is l)r(,s(,nl(,(l ]al(,v in the report.

The total range equntio)_ using a single (,t)gin(,

is somewhnt move ('Oml)li('ated than that for the

multienginc case, since (ranslation o('(qzrs duri)L(.Z'
v(,hMe lilting. Th(: (,ClU_tli())l is

] [,.,+,' ' ' " _l'It,=All t_It-+-Al+ ..... :+_1_
_..I 0

-I-All t:It4-AII,,,,:_-AI, t;lt

W]I(H'(_

4: +-;]i "+-;]".
<h,not(,s the rang(, ('oveved dtnring the vehi('h, ovi(,n-

(ations rt,(luir(,(l to provid(, ]mrizoltt+fl lhrus( n))(l

is the thrust un_'h, )'(,httiv(, to th(, local v(,rti('al.

Th(, fu(,l ('()nsUn)l)tio)_ is also som(,whn( i)v<olvo(I
ut)d is us folh)ws:

[ ']
ll_q) I t

al,, A

DISCUSSION

l( was rot_si(h,re(l l)eyond tht, s('ol)e of lhi+-+

ntmlysis to tr(,ttl tlt(, lmtnv thrust mo(|tllt_tio)t

l(,(,hni(lut,s l)ossibh, for fun)u" tvnnsl_ttion. The

most o|)viou,_ apl))'on('h(,s and tlm tnost 'tmettnbh,

lo ttlltlly:.a, is .tit'(' to tlS(" (,ith(,r COll,qlHIIl lhl'tl.'a,l ()1'

thrust whi('h is vnt'i(,d (() hoht a (_onslalll (hrusl-

weight r+_tio. ()f the two m(,lhods, ('()llStttllt

thrust-weight ratio is the sim])h,r to (,om])ut(, a)t(l

is primarily used in this r(,l)or( ns lit(, thrust ('on-

(r()l h,ch))iqtw. As might l)e (,xp(,('t(,d, this

t(,<,hni(lue will not (,xa(!tly nss(,ss lit(, fu('l r(,quir(,(l
for all thrus! nmduhttio)_ l(,(+hniqu('s, t)ut it will

yM(l tmmb(,rs thnt, (.an l)(, cottsi(h,r(,d t Vl)i<'nl. To
illt|slrnt(' this, a ('Olll])+ll'iSO)l <)f fuel costs is lll_l.([(,
t)(,tween n ('OllSltltll-lhl'llSl Svst(qll alll(| tl. (,Oll.'+glttlll -

(hrust-v<eight-rntio syst(,m for a v(,vti('al des('(,))l
llla.tletlV('l" nn(I +t tmllistie t l't).llslttlional nlt).ll('tlv('r in

[igur(,s 2 'rod 3, respectiv(,ly. Fr(,(, frills from

20,000 nnd I0,000 f(,(,t w(,r(, art)itnt'ily chosen to
illustr_te th(, vertical d(,s(.t,n(, maneuver (fig. 2).

Th(, h)wes( vahl(,S of t'uel-to-inilinl-w(,ighl ratio

oc('ur with tit(, constttl)t-thrust t(,('hniqu(,s as
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Flq{ I{_: 2, -Iqwl {tos[, ('Olnparison u[ collst;Hd-lhrllst and

eollsl:ml-thrust-,,veight-ralio sy_lem_ for vm'tical de-

8Clql{.

thrust-weight ratio. Although tile optimum ang]

wns obhdned using constant thrust-weight ratio, i
can be and is used for tile constanl-tln'ust ease wit

lit lie error. During the retro thrust portion, (h

thrust vector is ]naintairled along tile veloeit.

vee.tor until zero veh)city is attained. Again l,h
(:onstant-thrust syst(,m yields the lowest fu(

ratios; however, as Ill, fore, (he (tifferenee is quit

small and (tan lie ('onsidered negligible in llie ra)Ig

of interest, find is, transhtlion distances up to
statute miles.

It is apparent illat the small difference tletweel

C()IISIHII( till'liSt i:tll(t eOllSlltltl lhrusl-weight raft
l'or tile })a]]istJ(' ease will not alter tile trends lha

will t)e eslat)lished usin_ tile c()nslnnl-thrusl

weighl-rnlio teehIlique. It is shown Inter tlm

this is nlso the case when considering constant
altitude h'anshtlion techniques.

The discussion (o folh)w considers three mimeu

vers, l)alIisl it: trmlsIa(ion, cons(,l)it-al(it ude tr, ns

hui()u with a single-(,ug'i)l(, s.vstenl, and conslan(

altitu(h, (ranslntiou with a nllil(i(,i)girie system
Typi(ml cases of lrnnshtlio)lul ln_tlletlV(q's v<(q',

r-Free flight

I vBoost
, /_._----_ /-Retrothrust

./- ->
shown l)v the values noted at comparal)le thrusl

inilintive poiu(s, lh)wever, at (hrust-w(4ght
ratios /I'(,a(er than 4, the difference ill tile lwo
thrust ]nodulntio)l m(,(ho(]s ('nn lie eonsilh, re(I

negligihh,, lh, re nlld i)l all sul)sequent ligur(,s and

exumph_s, the specilie inlpulse has a value of 400
se(.()nds.

lu the hnllistic trnnslatioil maneuver s(,htcled for

this (,Xnnll)le (fig. 3), the initial altitude is equill to

ill(, timll nltitude (see sketeh in tig. 3). The iiring

a)Ig'h, is lMd ('onslnnt during boost at, :t value
whi('h nlnxilniz(,s tile l'ange nll(] 111[dmizes tile fuel

consumption (hu'ing the t)oos(-l'ree tlight phase of
lhe tlight. Th(, optimum eonstnIlt tiring mlglo

as at fun(q ion or the thrust-weight ratio is i)reseuted

fix! ihi ti,.z,'ure 4. n( oplilnunl, wlfich in('huh,s the case
where reirothrus( inilia(ion occurs below the

inilial altitude, is o])tained hy plu'tial difl'erenlht-

(ion o[ the range equation for tile boost-free ttight

phase as a fun(:tion of lit(, nl)gle _ for eOllStnllt

Range

.08 '-- [ T r T F r --I

Constant thrusl-weighl ratio I
i .... Constant Ihrust

) , ,

-06 i i Range,
f)

-- ! i

g .04

I O, 000

.o _ i i _ i __
2 6 8 I

Inilial thrust-weight ratio) (FIw) 0

FIGURE "]. Ftl(.!l (!()st ('oTlll)l|risoll of Collslalll-lhrtlst ,ill(r

consianl-thrust-w(qght-ratio systems for hallistic trttllS

lation.
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= _+_--_ .rFree flight

\

"'£) Re t r at hrust

*_Soost end coast phase_*_

Ronge

58

i
f

I !
56 _ - J'

2 6

Thrust-weight ratio, FIw

i
4

]'_[CVRE 4.--()ptimum thrust ,m_le for given c(msi:mt

thrust-wci_hl ratio lo maximize boo_I "m(t roa_t

phase.

seleetc(t to illustrate the relative merits of e.lch

m,neuvt,r based on the llworetical fuel ronsump-
tion and maneuver time. Each nmlwuw,r is first

discussed individually to illustrate the (,ffert of

systenI vari'd)h,s that pertain dirt,ctly to the
maneuver under consideration. A relntive rom-

parison of the three tyt)es is tlwn made.

BALLISTIC TRANSLATION

The effect of engine t,hrust-weigqd ratio on

overall fuel eonsuml)tion (retrothrust and boost
thrust fuel) and tnaneuver time for lht' t)ullislie

maneuver is shown in tig'm'e 5. An initial aliil u(|(,

of 10,000 feet. with :m initi_d velocity of zero is

assumed, with retrothrust Iermim_tion at zero

TRANSLATION TECHNIQUES 5

attitude and velocity. The fu'ing angle during
boost is held constan_ at an angle which maxi-

mizes range during the boost-coast phase of tim

tlight. During retrothrust, the thrust vector is

maintained Mong the velocity vector. The rota-

tion lime required to aline the vehMe prior to
boost is assumed to be zero.

1-nereltsing the thrust-weight, r,itio above 4

(fig. 5(a)) results in only l_ relatively snm]l redu(:-
t ion in t'ucl cousumption rot" _l giv(,u range. It

should be noted tlmt a l'wge portioll of Ilia total
fuel consumed in this ease is used to overcome, the

vehicle's initiM potenti.d energy, as indicated by

tim zero-range curve. The percentage cost. of fuel

per unit. horizontal distance traveled deer(roses

o9 Ill

#

.o" .07 "

.O6L -_., + ! , ft -

g 05 " r : , ' 20,000

_" ' _ I _ , , i5,ooo_

.02 t___L_
I 2 5 4 5 6 7 8 9 JO

Thrust -weight rotio_ F/w

(a) l_'ttu[ COIlSItlII])I [llll.

Fl_il'Ri'_ ;3. Effect of tlirllsl-weilaht rliiio Oil filol con-

_tilil])liOll and lllttiietlvor liinc for b:lllistie tr:liiskdion,

]nili:d allilud% l(lfi)llli feel; inili:tl velocity, 0.

_x. R aT?e ,

,o,ooo
= _ [ 5, 0

60 ? ] -

I 2 3 4 5 6 7 8 9 I0

Th rust - weight rotio, F/w

(I)) M:lni,ll\'cr time.

FI(II:RE 5. (_onclude(t. I']tl'eet (if thrust-w(,i_ht rltlio I)ll

fuel (:onsuni|)liolt and liialll!llvor liln(', for ballistic

Irluislation. [nitiill -dlilu(te, 10,(100 fee/; initial veloe-

it3", (I.
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l:l_a rl,: 6. I']fft'ct of initial nit(ruth' on ovl,rnll fuel con-

sumption. Ballistic translalion durin._ (h,_een! for

inilial vehwily of zoro and lhrust-webzhl r'tlio of 8.

slightly with inert,rising rmlge for a _'iveu thrust-

weight rntio.
The duration of lhe maneuver which indmh,s

I)oost, vo,tst, and retrothru_t times decreast,s with

increasing: thrttst-weight ratio (fig. 5(b)). How-

ever, only a 20-percent redu('iion o('eurs when the

thrust-weight ratio im'veases from '2 to 10. The

approxinmto time available for obsorv_lti.n nnd

dry'is(on &,ring the vonst portion of tim maneuver

is 70 lo 110 seconds for the translation ranges being
considered.

The effect of the initild hover 'dtitude un lhe

overall fuel consuml)tion of the boost 1)lus retro-

tin'us( systeni is shown in figure (; for a thrust-
weight r_tiio of S. Also indicated in the/(flute are

the approximate ]naneuver limes involved. The

snme assumptions apply here lls in tlgurc 5. As

('ira |)e seen I)3" the range curves, the lower the

hover _dtitude, the lower the fuel consumption for

a given tr_mslation (itieluding the fuel required to

bring lit(, vehic'le to zet'o ldtitude). Ag_fin, ns

noted in eonnec'tion with tigure 5 a large portion

of tic(, fuel r(,quired for this terminal mam,uv(,r is

ext)c,nded to overc'ome the initial potential energy
of the vehi(qe (initial hover nil(rude), ns indicated

by the zero-range ('urve.

If the liiiiili retrothrust system which delivered
the vehicle to the hover altitude is considered its

it shouhl l)e whvn assessing the overall mission

fuel consumption, lh(, lowest hover altitu(h

commensurate with the requirements of the overal
mi,_,sion is stilt the, lUos( desi,'_d)le. This is tile c_lsc

because a ehoi('e of hover nltiludvs is avaibdd(

without requi,'ing' _l sig'nitie,ini elinnge in lll,

]lmiu retroihrust system fuel requit'eluenls. Thi.-

is essentially true for nll descent trajectories

}low(wet, it ('nn most .as(Iv t)e seen by exam-

thing the t'tlnrn('teristi(' v(,loc.ity in('l'emollt ,Xl" el

the main n,troihrust system for a "verlicnl desvent

ira jet.tory, which is _iven by

11111 Jli

For a pr_..ti_'aI lutmr desc'enI, the veh)vitv ire're-

merit given by ihe "gravity lotto" _, .qdt issnmll

rebHive to lhe tt)t_d velocil v int'remeni, .m()uuiing"

to _q)proxinmtc,ly 10 pere(,nl. If I11o ahiiuch, ,ti

whic'h the limin rc,troroc'kt,l is fired wor,, raised,

while all other quantili(,s rc,nminod fixed, thv lol.l

veloc'ity in(.renwnt would (:h.ng'e only Its n ,'esull

of tin, snmll chlinge in the gravi/y field eXl)eriel,'ed

t)v lit(, vehivh, din'tug retrolhrust, whi('h affects

only lhe grnvity lorm, mid a sinall c'hangc, in
;lt)prlilivh vl'Jocitv. 'Hie ('Jilinffo ill the ]toVl,l'

nililudt' W()ilIIt thell b0 t'SSoIIliltlly O(lllltl t() tile

('hiing'e in the hliiinl l'tqrolhrtlSl nliiiude, niid lhl,

fuol rl,(lllii'eitii,n I would lie ilil('lilutgl,d.

At'it,r the vehicle hlts lilq,tl delivered to n }l()V(,l"

condition, lho ]lilil]ellVOr whieli con]lihies shnul-

taneottsl.v il vl,riival desvenl with I1 hol'[ZOlllltl

ll'ansla/ion will l'eqllit'e the hiwesl fire[ (.onsunlp-

lion Io illtain It given l'illt_{,. This ('Itll tie I!lelu'ly

si!eit fl'oln figure 6. A verlivlii dvsvetli ['i'Oiil 40,000
feet to tile hlilar SCll'fa('e requires 5.27 perl'olit

_l[' lit(' veltieh, weiTht, lit ]lover. A Sll|iseqllent,

10,001)-fool lrltnsllition requires 3.5S percent,

o[ the i'olililhihi 7 veltieh, weight or II to(ill of

s.6(l pereeiit of the original weighl to des('end

ft'Olll40,000 feet ati(l ti'aliSlate 10,000 feet, If these

sei)ltrltte ]lllttlOllvl,rs 'wore perforllleci siliillilltlie-

ously, tin, loiltl cost would I)e only 6.1S pei'vent

of the originll| vehicle weight.

[rnlil now, the vehicle ](as be0n assunie(I Io
slnrL t]ie lerinhnll niiineuver from it hover vonditio]i.

(!olisideration will ito%v ])t, given to t|ie ('llSe W}ltq'O

the vehic'le hits till initiltl dOWllWIH'd vertic'al veloc-

ity at thv slii.rt of the IllltlCetlV(q'. b'il_tit'e 7 shows

rite oit'eel of inilinl velocity on fuel eonsunip-
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Fret:rue 7. Effect of initial vertical velocity on fuel con-

suntption and iltalli,tlViq" IiIIW. Ballistic translation

during de>cent for initial nltitude of 40,000 feet and

thrust-w('ig:ht ratio of S.

lion for n voml)i)wd descent and lratMation l'r<)tn

40,000 feet. The fu(,l ratio presented is l)as(,d (m

th(, initial ",v(,ight <)f tlm v(,hMe for the 40,00(t-f<)()(
nhitude and th<, initinl velocity in qtt(,slio)|.

Und(,r these provisions the fu(,l (,onsunq)tion for
tlt(' Inttli(,tlV('I' in('reas(,s wit, h int.r(,asing' velocity+

At an initial altitude of 40,000 ft,(,t an in('r(ms(, it|

vertical velocity from 0 to 400 fee( per s(,t't)nt[

inert,asPs the vehMe en(,)'gy hw(,] al)prc)ximnt(qy

IS l)er('en(. =ks t,Xl)ected , this results in a ('oml)n-

ral)le in('reas(, in fuel c(mSUml)tion. Tht, l)(,r('etl( -

nge of the (otnl energy of the v(,hM(, r(,l)r('s('nted

by the initinl vt,|'li(ml vt,lc)city varies invers(,ly
with the initial altitude. Therefor(,, the slt)l)t, of

fuel ('onsuml)tion as n fttn('tion of inilinl v(,h)('ity
for n giv(,n rang(, also varies inv(,rsely with alti-
tittle. _Inneuver time is also alr(,ctt,d hv initial

velocity nnd is redtt(:ed npl)roximately 35 1o 40

l)(,r(.(,nt when the velocity is in(.r(,as(,d l'|'t)m 0 to

400 feel per second.
Just as th(' (,ll'e(:t of hover ahitude on ov(,rall

mission r(,quir(,mt,nts has l)een (lis('uss('d, so nlso
th(' overatt (,fl'(,('t, of initial verticttl v(,Iocity on

overall tnissiot_ reqt|ir(,m(,n(s must ))e ewduat('d.
To illustrate the fu('l reflttir(,tnents for a typical

maitl retrothrust s.vstetn, figure S relat(,s the fuel

requirements to the veIo('ity <'hange accontp]ishe(l

during retrot hl'tlst, for a vertical descent m|meuvt'r.
Consider, for ('xatnl)le, tt tyl)i('a[ mission wilh a

0201'>4---C)2 --2

velocity ('hange of 9000 fee( per second. To reach
a hover a]iit.ude tt deet'ease in velocity change of

400 feet per second (Imrnou( velocity of 400 ft/see)
increases tht, Im|'nout weight 1.6 percent. This

saving <'un then l)t, ('r('([it('(l to any sul)sequt'nt
transhttiotl t)tant,uver. Assutning t.hat, the ve-

locity de(,rease of 9000 feet per second brings the
vehM(' to a 40,000-foot hover altitude, lit(' main

retrothrust systent requires :)_.8 l)('r(,('nt of the
svst('m weight (fig. 8); th(' (h's('('nt from 40,000

feet, in(quding a 20 O00-foo( translation, (hen re-

quires 6.9 t)er(x'nl of the remaining weight (fig. 7).
This is a total of 56.1 l)er('('nt of th(, original w('igh(.

If, how(,v(,r, an initial vt'r(i(+nl v(,ioeity of 400 fee(

l)(,r s(,('ond is allowed at th(' sltu't of tlm final (h'-
seettl transhttion man('uver tit(, ntain r(,tr()thrust

,o,2oo I
[

9,800 i

9,400i

i

-._

,7- 9,000 .

_ 8,600
o +

u ) +

_ 8,200

i

,,{ - _

/

/[

_ ++

+

I J+ 1_
.44 .48 .52 .56 .60

Fuel consumption ratio, wf/w 0

Fmvm.: 8. l+:flT(,c't of main retrc, thru.st systen), velocity elm.t)._e

r(_,(luii'entcnts on fuel eonsunq')tion ratio for constant-

thrust (,ngin(!. Specific iml)uls(', 400 s(,('onds; thrum-nn.tss

ratio, 50; :tverage :toot,It,ration (h](._ to _ravily, 5.()

[ (l:..'wo)l_]f(,(qpers(.cond per s(mond. Al'=:fl_l,), lit 1 al,, J

, (l,'/w,>)t_,
+._/,,; +,:,.'uo= 7 "

• (_]s p
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FW, URE 9.--Combined effect of initial vertical and horizonlal velocity components on range and fuel consumption. Initial

conditions: horizontal vcloeily, 20 feet per second; vertical wqoeity, 200 feet per second; altitude, 10,000 feet;

thrust-weight ratio, 2.0.

system requires 51.3 percent of the original weight

and the final maneuver 8.1 percent of rim remain-

ing weight. The total is tlhetl 55.2 percent or a

net. saving of 0.9 percent of the origimd vehMe

weight, which may represent a signilieant fraction

of the useful payload. The general conclusion
concerning seleelion of the optimum hovering al-

titlUde and vertical velocity distribution between
nlain and final retrothrust is as follows: The lower

the hovering altitude and the higher the velocity

at the end of main retrothrust, the lower will be

the fuel cost. for the overall mission. ]Iowever, in

addition to consideralions of overall fuel require-

ment, the seh,ction of hovering conditions for a

specific vehicle will also be governed by other

factors such as the tired retrolhrust engine thrust

capability, sensor and control accuracies, hmar

surface irregularities, and so forth.
The ell'eel of a nonverlical initial trajectory at,

initiation of a ballistic translation maneuver on

range capabilities in any direction is shown in

tigure 9. As wouhl be expected, the fuel cost for

translating a given distance from the initiation

point is a minimum in the direction of the initial

horizontal velocity ,rod maximum in the opposite

direction. However, lhe m'dn point of interest is

that the contours of constant fuel consumption arc

essentially circular with their centers '_t the impact:
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mint, which is defined as the landing point: that

gould be reached if no attemp_ were made to
ranslate. This concentric circle relation between

he constant-fuel-consumption contours and the

mpac_ point is a good approximation with bert-
;onta l velocity components to 100 feet per second.

.O8

g
.07

d

•-_,06
K
E

o
u

.05

J..

60

I
.04 ] I

0 2 4 6 8

Horizontal thrust-weight ratio, (F.4w_

0

I0

(a) Translalion with coast. ]lunge, 10,000 feet.

[_'I(_Uf{I,; 10.--Eff['Cl Of horizontal ['ngine thrusl-w(,ighl

r:tlio o]t fuel COllSIllll|)tiOll till(1 llllt|l(tllV{'r iilll(2 for

muir|engine system.

r---T-- _ _ --
Range, Thrust

ft 4

I0,000 I.
5,000 _ Variable .480

Constant

60

•

2O

o
'°4o 2 4 6 8 ;o

Horizontol thrust-weight ratio, (FIw)h

(I)) Translation without coast.

Fret:RE 10.--Conchtded. Effect, of horizontal engine

thrust-weight ratio on fuel consumt)tion and maneuver

tinm for mu[ti(mgine system.

It can 1)e concluded that, for short ranges, the fuel

cost for translating a given distance fl'om the

no-translation iml)ae.t point is indel)endent of
trnnslation direction.

CONSTANT-ALTITUI)E TRANSLATION

bIultiengine system. The first propulsion sys-

tem considered is the mulli(,ngine system which

has separate engines to provide (1) horizontal

vehicle acceleration and (2) vertical thrust to
|mid altitude constant. Tile effect of tile hori-

zontal engine thrtast-w(,ight ratio (ratio heht con-

stant during maneuver) on fuel consumption for
translation only for both vertical and horizontal

engim_s and on maneuver time is shox_q_ in tigure
10 for a range of 10,000 feel.

Two general maneuver tc(']miques are eml)loycd

in the ana.lysis. ()he '_.llows a vehicle const period

at constant horizontal velocity 1)etween the

aceeh,ration trod decelerat ion phases of thc maneu-
ver'. The other has continuous horizontal thrush

at)t)li('ation and thereby zero coast time. In

tlgur(, 10(a), variations in fuel consumption during

lranslation, coast time, and ac('(qeration time
(equal to dec('h'ration time) are sho',_m as a func-

tion of the horizontal engine thrust-weight ratio

for the maneuver using a coast p(,riod. The total

mall(;uver linle is equal to twice t h(, a('('(,h,ration

time plus the coast time. The relation between

thrust-w(qght ratio and coast time as shown is

that which results in mininlunl fuel ('onsuml)tion

and is given by

t o "/,W, / (t,>,..),,
'/'/X/V+ 2

(see al)l)endix B). Fuel collsllnl.l)tion decreases

with increasing thrust-weight ratio; however, only

small a(hlitionnt reduction occurs beyond a value

of 4. Sin('(, the tim(, with the engine on (_wcelvra-

tion tim(,) (h,cr(,ases very rapidly to a very few

se('omts with in('reasing thrust-weight ratio, the

vehicle and engine control response lime require-
merits as wdl ns engine weight limitations will

limit mnximu m practical thrust-weigh tra! io.

When the ('east period is eliminated, the (41'ect

of thrust-we|girl, ratio on fuel consumption is

saint,what different, as shown in ligure 10(b) for

ranges of 5000 and 10,000 feet with wu'iabh' thrust

(constant thrust-weight ratio) and for 'l, range of

5000 feet with constant thrust. An ol)timum
thrust-weighl ratio is evi(h,nt at a vahm of 1.0
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and is independent of range when variable thru._t,

is used. If at constant-thrust horizontal engine

wez'e used, its 1)erfornumce as a function of its

initial thrust-weight rn(io wouhl tw as shown by

tit(, thtshed line for the 5000-foot range. A

('<)tlstmlt-lhrusl engine cannot nmintain the opti-

mum value during the translat, ion t)e(.ause of

decrensing vehicle mass. Therefore, as shown,

it will not, be as etli('ienl _ts the engine syshqn
which can maintain the optimunt COllSllt]ll |hi'list-

weight ralio of 1.0.
,_ ('Olllp_ll'iSOll ])('|".'V('('II IIl;I.ttfqlV('l','4 with _tll(1

witimut ('oast is ilhlstralcd in [igurc l l, win, r(, fuel

c(mSUml)tion is l)l'esented as a fun(.ti(m of range.
The maneuver with coast is the ,no,'e eiticient.

For examph,, with the 10,000-foot range, the fuel

cm_suml)lion ratio is 0.07 for zero coast aml 0.05

with coast. A hoz'izt)ntnl thrust-weight ratio t)t'
1() was us('d in the vase with coast lo illustrate

l he m'a r-minimum fut,l <'<)nstm_[)( h)ns; however, as
mentioned+ engine weight c(msiderations and

engine dymmLiC characteristics might greatly limit

the maximum allowable thrust-weight ratio. The

optinllul|! lhrusl-weight folio ()f 1.0 was use([ in

lit(' zt, ro-c(msI cns(,. In _Zem,rnl, the fuel ('osl per

unit dislam'e decreases with iu('reasing range.

Single-engine system.-- ] f the const an t-altitu(h,

tr=mslati()u is I)erforme<t using a single-engine
system, thus requiring' vehi<'le till, tim ct[ect of the

horiz(>nlnl (.ompone)tt of the (,ngine thrusl-w(,ight

ratio on fuel consumption and maneuver time i

as shown in figure 12. The horizont_d ('Oml)Onen
of thrust is used as the abscissa to allow a mot

direct comparison of t)erformancc with the multi

engine syst, em. As with the mulliengine system

the maneuver can I)e ])erfor, ne(l with _tml withou

a coast I)eriod I)etwce)t acceleration 'tn(t dec(,lera
lion of the vehicle. The variables of fuel con

sumption, ('trust lime, _tn(l ac('eh, rati(m time at,

_o.o6 , , , -- _ j6o
" ,') N i :oos,

-,.:o
g .o4

0 I 2 5 4 5

Horizonlol component of thrust-weighl rotio, (f/w) h

(a) Traulshdion with coast, llang% II),()l)[) feel.

FIt;uRn 12.---F, ffect of horizontal c(>ml)onent of thrust

weight ratio on fttel eonsumI)lion and lll,q.tletlver time fo

sing!,c-engiue system.

.10 ! 1 ! ' l F 1

_, \ ",r,."--L--,,v + ,/ t _ _0,_o_40_;

u_ .02 I0,000 + Accelero_ion J` i

5,000 i
I _ _ i°

[ , (bli
0 20 40 60 80

Thrust ongle, ,,p, deg

l [ L iJ
.5 .75 I 2 4 6

Horizontal component of

lhrusl-weight rotio

(}_) Tr:tllslat[Oll without co'tsl.

FmL'RE 12.--Concluded. Effect of horizont'd COml)onen

of t hrtlst-w(,ig, ht ratio oft fu("l (_c.n:.Z,lllnl)tioll ,:t[l(]. ]lltill(qlVO

time for sinu;h,-engine syslem.
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2, whi(.h corrt,st)on(ls to )ihorizonlal-('oJ,iptm(,ni
th rust-weigh t ralio of _;_ and a lilt angle measu rod

f,'om the vertical of 60 °. For thrust-weight ratios

VI'('ilAPI" Jllltll optimum, tim fuol ratio is r(,latively
insensitive to changes in thrust. However, t_olal

m,ti_(,uver tim(, (,wc<,h,ralion, co'lsl, d(,v(,h'rati<m)

is reduced _ts thrusi-w(,ight ratio is in('r(,,_s(,d.

If the ('oast period is elimimded, the opiimmn

('nvine lbrus(-weighl ratio (h,(.r(,:lses lo _"2_ As

shown in figure ]2(b), thi_ (,orresl)On(Is to an

optimum horizonl,d (l"/m)_, of 1.0 and a lhrusl

allele of 4,5 ° and isindopendent of the range. The

fuel ratio is rel_ltiv(,ly in_onsitive to t.hrusi-alqzh'

change m'ar the optin_um of 45 °.

Ill figure 12 it was aSSllIII('(ithai the vehicle
rotation lime was zero. An ,lmilvsis of the effect

of vehich' rotatioll rat(' oil t'tl('l ('OliStllll[)tiolt XX';t_,

ma(It' mid tilt, results ill(lit'at(' tit >, +iKniti('anl iil-

(+l'('llSt_ in ]'uol ('on,,-;Uml)lio)_ octttll'S for rotation

r_ll(,s of pr_wtical inlt,rt,sl.

'I'll(' <'II'(,('t of rang,' (m fm'l COllSUmplion usin V a

siiIFh'-,'i)g'in(' syst('nl v<iih and without a coast

p(,rio(l is sh()wn in Iigur(' 1:_. Th(' .n;m('uv(u' wiih

('o,i_t is th(" real'(' ('Ili('i('ni of Ill(' two, as is (h(' ('a_('

with lllulli('ngim' sSst('i,,s how('v(')', (h(' po((,,i(i,il
L,'d,t is h,ss wilh a 0.05 fu,'l ratio withom ('o_i,qi
mid Ii 0.047 fuel ratio with ('oasi n( the 10,000-fool

mi))V('. T}i(' opti))ll)i)i v,llu(' of (}irus(-w('iv}i( r_i(io

is us('d in each case. In g(,m'ral, us in the nlulti-

('hgint, ('as(' the fuel ('()st l)(,r unit disiaiwc ()'av('|e(l

d(,,')'('a_('_ wilh i))('r('a_i))g ]'a))_('.

(;()MFAIIlt'g()N OF MANF.UVI','RN

0

1"1(; IrRE 14.

4 8 12 16 20x103

Range, ft

Fu('[ cost comp'tris()n of tim'(' tranM:tti(m

t('c}ltii(lu('s.

_liown in tigm'o 1200 as fun('tions of th(, horizontal

:'onlponeilt of engine thrust-weight ratio for tile
maneuv(,,' with coast. Tim r(,la(ioi_ h(,tw(,(,n

:,ngilm (hrusi,-w(,ight ratio a)i(l (.ollst tim(, shown
is (}rot whi('h r(,s,,hs in tiii))imum fuel ('o))su)))plion

anti is giv(,n 1)y

(1+7',')- 1

X 12(1')") -- ill (/5'..)_- l l' '=

(see ,tpl)el_dix B).
The i))inimunl fuel eoilsunlplion for any rll)ig('

is obtained with Im engine thrust.-weighL i',i(i() of

A (_oniparison of the t hi'(,(' translalion t(,('iiniqu('s

(t)allisiic, conslltnl-nliilu(h' wilii li. inulli('ngine

sysl(Ull, lili(l consllliii-ltliilil(lC wilh a sin7h'-(,ngin(,

s)st('lil) Oil Ill(, basis of ov(u'lill fu(,l ('osl_ is liili(l(,

in figur(, 14. 1( wits nssuui('(l lintl lh(' iniiial alii-

III(1(' Itll(i v('lociiy of (1)(' v(qii('h, wiT(, Z(TO, ,ind for

('())lstnxit-ifltitu(h' tra.nsl,dion an ot)tiniuin cotlsi

l)(,rio(l was used. Be(muse of ot)vious pl'atqicli[

('on._hh'r_tlio l,_ tho (_iiKiiiC (hru,_i-w('igtit. ratio wn._
liliiiled io i_ liiltXilllUlil of 10 for the t)Idlisiic a.iid

( tit, lililIl ienghie consi all t-li|(il u(h' ('list,s, all hough

lh(, oplhnuni vahio of lhru._t-w(qghl rltiio is hilhi-

iiy. The lhu(' roquh'e(1 for v('hh'h' orienlnlion wll_
ii,_Slliil(,(] lo t)(" zero iii all ('as('s, ']'l)(, lia]lisih_

Illilli('llVOr l'('(tllii'('(I till' low('sl fu('l ('Oli_lllili)lioli fOl'

li g'iv('n l'tillgO. The fuel rlitios for th(' 00,000-foot

l'iilll2'(' for l.]ie hallisti(' (',is(', conslltni-nliitll(]c

,_ill_]('-t'llgillO (_'aso, Itll(I ('OliSlallt-li|lilll(h_ lllllili-
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engine ease were 0.052, 0.065, and 0.071, respec-

tively.
SUMMARY OF RESULTS

The present analysis eon('erned mainly the mode

of translation starting fron| a hovering position
but, also included _t method for _malysis with
initial horizontal and vertical velocities. Some

specific results obtained in this analysis are:
1. A translational m_m('uver performed from a

hover position _t. essentially zero altitude can

result in a significant fuel ('onsumplion. For

instmme, 5 to 6 l)ereent of lhe vehicle weight m_y

be consumed while translating 20,000 feet hori-

zontMly (approximately 2_ percent of the vehMe

weight apl)roaehing the moon).

2. The greater lhe initial hovering altitude,

the higher will be the fuel consumed by the com-
bined translnlion-deseent maneuver; lhe total

on-board fuel requirements will also be increased.

3. There was no signifioant difference in fuel

consumption bet ween eonstnnt-t hrusb or wtriable-

lhrust engines used in ballisti(, maneuvers re,

short translation distances (u I) to 20,000 ft,).

4. A single-engine syslem requiring vehicle til

for horizontal translaiion app(mrs to be mor_

eflleient tlmn a multiengine system with separat(

engines for translalion and lift.

5. The ballistic-type lranslation was the rues:

(,ffieien[ m'meuver based on fuel consumption

For example, fuel consumption ratio for _ b_dlisti(

translation for :l range of 20,000 feet was 0.05'-

as compared wilh a wdue of 0.065 for a constant.

altitude translation of the same distance using.

the single-engine systeln.

6. For both l_he single-engine and multiengin(
systems, introdu('.ing _J coast period between ac-
eeleratiou and retrothrust reduces the fuel con-

sumption for a given tnmslation.

LEwis RESEARCH (?IqNTER

_'N-ATIONAL AERONA IJTICS AND _PA(:E 2_,A)3,I1NINTRATION

(JLI_IVELA ND, ()ill(l, A uq_¢sl 17, 1961



APPENDIX A

SYMBOLS

6_

F

g

gc

,(] Ir_

h

Lp

R

t
V

3:

Y

9

o

gravity ratio, g_/g

thrust, lb

acceleration due to gravity, ft/scc 2

gravitational constant, 32.17 ft/scc 2

lunar surface gravity, 5.4 ft/scc-

altitude, ft

specific impulse, sec

mass, slugs

range, ft
time, see

absolute velocity, ft/see

loe,d weight, lb

distance measured parallel to x-axis, ft

velocity measured parallel to x-axis, ft/sec

acceleration measured parallel to x-axis,

ft/sec _

distance measured parallel to y-axis, ft.

velocity measured parallel to y-axis, ft/sec
acceleration measured parallel to y-axis,

t't/sec 2

tlight-path angle from local horizontal, deg

angle of thrust vector from local vertical,

deg

o0 rotation rate, radians/sec

Subscripts :
accd ncceleration

b boost

¢ coast

decel deceleration

f fuel

ff free fall
h horizontal

i instantaneous

r ret, rothrust

rot rotntion

t t,otal

v vertical

0 initial conditions

1 end of boost

2 end of coast

3 end of free fall

4 end of retrothrust

Superscript :

-- average wtlue

13



APPENDIX B

DERIVATION OF EQUATIONS

For this analysis only static trajectories of tho

vehMc center of gravity were considered in con-

junction with the assumption of a tlat, nonrotating

moon. The acceleration <hie to gravity was

assumed constant for all calculations.

Integrating equations (B1) and (B2') twice gives

the ]'a,_ge and altitude equ.tions during boost:

tg
x+=9(P)'+_, ) sin ¢ ) +:i'(,:,_ (133)

MANEUVEII TYPES

Ballistic translation. The following sketch is

presented to illustrate the co(>rdinate_ systenl

and the symbol n(_tati,m used in the following

der'iv, lions:

Y_

!

The following assumptions were made t,o sim-

l)lify the motion equations:

(1) Constant ,: during boost

(2) Magnitude of _ based <m maximizing

range during boost plus coast to retro-

rocket firing altitude (see fig. 4)

(3) Thrust vector maintained ahmg velocity

vector during retrorocl<et, firing for con-

stant thrust-weight-ratio case

(4) Firing angle hehl constant during retro-

rocket liring for ('onstm_t-t]wust case

For conslanl thrust-weight ratio a summalion

of forces in the horizontal and w,rtical directions

during boost yMds the acceleration equations:

_:o--g(/7@ sin +, (Bl)

G=_./l (k;.'w) cos ,,-l] (B2)
14

!/t,:p[(l'):u,) ('os¢ llt,_+!'/,J,, (B4)

The fuel consumption during boost is given by

u::= l ,.,.l, r__C I*;d'w.) l f]
u,, L al+p ] (B5)

from an integ'ration of

[+"= 1 --[" d,. dl

W]lOge

The slan(tard zero-drag equalions were used for

(teterminingr coast rnng'e an(t/or including a free-

f.ll period.

The l'elrotlu'ust range and .ltitude are given by

a'_= fi" cos 0 (It (B6)

Yr---fl" sin 0 (it (B7)

E(tualions (B6) and (BT) were soh'e(t in l)ara-

melric ['Ol'lll with litt lltllllog (!Ollt])tt|ct' <)VOl" 11 l'_lllgp

of initial velo<dty, tllrust-weivhl rMio, and flight-

path angle to determine ignition :rod burning

times required t<> obtain zero velo('itv at, the

desired .hitude. The results are presented in

gral)hi<'al l'orm in api)en(lix C.

The retrothrust fuel consumption is viven by

(Bs)
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Vhen constant-thrust engines are used, the aecel-

_'ation equations during boost become

(/'L/w,)sh),p

1 (F./w,.) / (B9)
a I .,.v

hPl'e

( IQ',w,,'!!,os ,; 1
:)"='q] (l'L,'w,3{

(1] sp

(B10)

""-- 1 (1',,,,_t:o)t

'he boost range and nllilu(h, equntions ave by
ll¢'_l'at iOll

Horizontal translation.--This (ranslat.ion is I)er-
formed at constant altitude and thus requires a
vertie,d lhrust reeler equal to vehicle weight a(
all times.

The multie,,gine sysh,m eml)loys sel)arale hori-
zontal engi,ws for t,'a,,slalion t)url)oses which
maintain a eonstnnt (hrusl-weightrntio. The
accele,'alio,, e<lunlion is then

:;= :/(t'Tu'),, (B] 7)

where tile sul)scril)l h denotes h<)rizomal e,,gine.
A double inlegration of equalio,, (Bl7) yiehls
the range equation

•,'_=_ o(I' ,_,)_t_ (l',l ,'9

'"' = q ]'_[::Ui_ _i)l ,_,,[A(lu ,1-- 1)--11+ ;i'ot_

?1"=g -/';)lit,;- ,.os ¢.l.I(I,,.I I

h('re

(13{{)

"1] .q o--÷- ?/,,1!,

(F_12)

.1 -- 1 -- (F_!/?w.)L,
(! ]sp

'he l)oos! fuel co,,SUml)ti(m equation l)(,comes
reply

_L'o tl lap

ero-dra K ballistic equalions are used for lhe

)ast period.

The retrotlwuslrange,n({aliitudenre_ive,,by

I_,/F
x_--,i::t_+¢.i l'i,,,,"'_J_,sin_'/B(ln B--]) _ 1] (B14)

!I_=?'IA_ _.ll",..."v,,cos ¢_[H(ln B--I)T1]--g 2

(ms)
]lel'e

B -- 1 -- (l';!/'U'/)l_

a l_,

(ltmtions (BI4) and (BI5) are solved t)y trial
ut erl'or for wdues of _,_and t_ until tile veh)cily
' the vehi('le is zero. 'I'll(, rvlrothrust fuel eon-

,.ml)lion is thengiven t)y

Si,we an equal lime is sl)e),l<luring(h,cel-

(,rali<),, of the velli('le, the (oral /'a,,g'e eq,,alion

twcomes a',: g(l')'w)d_ for nccele,'ali,,l and decel-
e,'ation. If, eoas( l)eriod is introduced l)etw(,e,t

ac('eh'l'aiion and de<'eleration, lh(, tolal range
eq[lIll [()Ii [)eeolnes

.,', :gF/,,),,r2,,N,/(l,)'u,),/,,C (B ],,;a)

where t_ is lhe time of coast.

The tolnl fuel consumed during lvanslaiion in-
eluding lhe const period is as follows:

l- =l--esTJ -_ ---- .... (B 1(,))
wo k ctI_v aI, pJ

l_). r subslituli,,g"for t_,from (,<l,{ation(BlSa) into

(B19), Ill(, fuel ('(mSUml)ti<),l equntio,, l)e('(mws

{ i:w_'--l--e'rp --a [1,+'(/';w),,]

F t_ /U-- ,, -{ _<'1
---_+ -+7-:F' -- (B20)k- V, .,<.,,,,>,,I

The toi.'d fuel (.onsumplion is n {'unction o{' lhree
wlrial)les fo,' a seh,<'ted propellant, ,,amely, (?Tw)h,
C, .tnd w,. In o,'(h,,' (o minimize th(, I'uel corlsump-
tion, the al)soluie value of the (,Xl)One))( of ('(luatiou
(B20) must l)e mi,dmized. For a given (',Igi,l(,
size (.h)u_)_,, and range, the Ol)timum coast time
is (Ibhfi)led l)v taking Ill(, partial derivative of (he

exl)o,wnt of (,qua(ion (B20) wilh respe(.t lo l_ and
equating it 1o zero the. r(,sulting Ol)limum is

w+_ (/';, "w0)t_
(B{(;) tc 2 lr )_',_

+ 2(&'w)
(B21)



16 TECHNICAL IIEPOI{T R--126--NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Substituling eqmtlion (BI 5) back into (B20) gives

tile mininnnn fuel consunlption for a given (l_Tw)h
lLlld X t :

['i'=  ,,jw)+lq_7=l--ex p -<,L. j Yt_: A (B22)
"tOo

For a single-engine system that requires vehMe ro-

tation to provide horizontal a('eeleraiion, the equa-

lion for horizontal aeceh'ration durilig rotation is

2-- 9 tan _0t (B23)

where co is an assumed constant rotation rate.

The lipproxiniaie range eqllliiioli resulting froin li,

doul)|e inlegralion of equlllion (B23) is

• 3 5 7 "

• g [ __ _oh_ _oh _ (B24)_o,=7: ,,-d-t- _77i_-ii]_)

wherej in the second integral|on, lhe hi cos <pwits

approxiniltted bv_ the series ¢22 _,t12 45"<P°ri'lle

horizonlal ilcce|eration folhm'ing rolillion is given

by
2n--g(IQ'u,) sin cn (B25)

where _n is in radians and is hehl constant: during

trandntion. The total range equalion im'luding

range during rotation, coaSl, acceleration, and

de<'eleration is given by

g (.ss]_ _,5_4_¢,v -_ 4g hi ,',is -F
z, 4 7: _,_-_ g0_TK,4/- Z :_

+,,(/'7,,;) _i,l :_(,_+2,_;')

-+-g(bTw) sin _,tdo -gt_ In cos ch (B26)
c0

The total fuel consulnption (equat ion excludes fuel

required to torque vehicle) is given by

[ '](Y'ixl =1-- (see <ph+tan _h) -_al';

\Trio /t

aI.n

In tile ease where vehicle rolalion is neghwled,

equal|on (B27) reduces lo

• [ 2(F/w)t,, t,]u'i= 1--exp , (B2S)

From equation (B26) (neglecting vehicle rotatioi

the equation for tb ])eI'oI/ll,S

t t_ It7 .r, (B2!
_=-_+%l_+_{s,?w) <. :

Substituting equation (B29) into (B28) yiehts tl

fuel consumption equation

= 1-- e:p (
2 (Ftw)

Wo alp

+qT+:,<:;'..,
Front the condition ,if constant-all|rude transh

tion, it is evident that

(Hw) cos_, 1

Theil

(1,}'w) 2 1 (B31
sin _= (k}'w)

Subslituting equation (B31) into (B30) resulis i

the filel equntion

w: [ t< fl / ........ 4xt(/Qu:)-'
, =l--expl_--uo \ al_f_'li ttl+lw) -i-gt_{(t'iu,)"--lj_l_

-[(1<7t,,)-11)) (B3:

For liiinilillllil fuel eonsuniption, |he exponent i
equal|on (B32) nlust be lnininlized by use of partil

derivaiives, hi |he ciise of a giwm engine siz+

l:/w, and range, the optimuni coast tinie is

t-o l]:'f- !bTw)-- 1 _'1.
< "%/,7\_ P-'-CI'7,_,)-i 1I(_%,)_- _j_ f (B3:

Substituting equation (B33) into (B32) and l'l

arrltiiging yMd

( 4-¢Wi--l--exp --k "-i) 2(,/"(w>)_l lw0 (/+7'w)z-- 1] L'zJ

(B3_

which is the equation for liiuiiinlliil fuel eel

sunlplion for triuishition witti a singlo-ong'ii I

systelu neg|ocling vehicle re,alien.



APPENDIX C

CHART SOLUTIONS OF BALLISTIC EQUATIONS

Chart,s are presenled in this aI)pendix as an

aid in obtaining preliminary numbers for system

requirements for ballistic translational maneu-

vers. The charts are useful because an iteration

process is necessary to obtain lhe sohltion of

ballistic motion e(lualions in this application.

The following is a list of the charts presented

indicating the equation solved through the use

of the chart (see fig. 15 for the symbol notation):

Chart 1. Represel_ts the solut.ion of the

equation

'a.0,,=,a[(_'/_v),.os _,- 1]e_

for optimum firing angle ,# (constant for

given F/u', as discussed in appendix B).

-_)t, is the verlieal component of veloeily

at the end ot7 applied thrust..

Chart ]I. Represents the sohltion of the

equation

&l_b is the altitude change due to applied

lhrllsl.

T /7 _,
t
[

I

I

\
Ahlf

\

\

i

h o

aR_ + aR0

[

I

1

I
I

I
I

\

A r

- aRf, -- ,._-ae,

FIGURE 15.--Typical ballistic trajectory.
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('it._wr 1.-- Vari:,tim_ of thrust-weiKht

r:dio wilh vvriic:l/ "l)llrllout, v_.locity.

o
al

E

g

112

t5 20 25

8

..a

E

E

£12

rhrust -welt
iO 8

2

Io _!iit!!_i!__

('H _,i_'i' l I l.- --V_lri:ilioil of IhruslC-wt'i_ht

r:lli(} _iitl hiii'izoiii:ii luli'lioilt veh)vity.

('_iA]rr lI. Varialioii of ctl:liigu il_ :tliJtude with verticM t)_lrimul velocity.

2 4 6

Alliiude, chonge due Io lhrusi, Ah_, fi iil

800 1200 1600 2000 2400

Chonge in ronge due to lhrust, A/; h ft

8 10

iiii ......

!!li!t
i#i_if

iliili

HH _ _,i,t, .

_it_
15

2O

25 '_

E

E

3200

o"
E

25_,,

5,

12o
l

(]ti:,ltT ]IV. V:trialioli of {_|lali,t_t' Jli r:tllJ_(_ ':,'iI]1 hlJriz,)ili;l] t]llrllOlll volocity.

('harl Ill. ]{i,liresellls the solution o1'

u(ttilil i()n

/+' .
;i'_ </-- .qlli _lt>

• tu

the

i',, is the horizolllal ('o}lil)Olieill Of velocity

duc to llt)Plie(1 thl'll_t.

('hlirl IV. l{eliresenls the sohllioii

(,(ilia i loll

, q l"
AI_ :,=:, -- sill ¢17,

of the

AI)_ is the ]'ltiige, cliiilil._o (hie to applied

ihi'u<_l.

(_hlil-{. V. (iiVi'S the final vertical velocity

colnl)onelll _i[ll,r blll'iiOill

,),=,0<,+ Ah_

(lilirt V]. ]{epres(,nis 1}lo allilude ()r ]'illige
('|iitllTO (|tit' io initial vertical or horizolihit

v,4ociiy

Aho--Oot_ or 317,, J'ijt_

Tilo lollil ll}liiude c]llilig(' tli'h,r t)llrillttil,

is tholi llio sum of AD,, I'l'olil _.'iiiti'l II lllid

Air0, Iti1(] lile total l'illl_2'(, ('hlillgt_ is lti(, Slilll

or AlL, froni ('lilirl IY liii(I AA'. I'roili ohlirl,

VI willioill lhe lniiiu,_ siKii.

(lhiu't VII. l{el)l'eSvnls lhe so]ulioll o[ liio

equlllion

t,-- 2!)i

t< is th/' coast linlo required to ]'etnl'ii to

burnout <<i]lilude D_--D2 ir _)_ is l)o_iiive
(ut)wtu'd).
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CHART V.- Final vertical velocily

burnout.

8urnout velocity, ._, ftlsec

0 100 200 300 400

coral)orient after CHART VI. -Varialion of change ill altitude with initial

vertical velocily.

2 4 6 8

10"

15E

2O
25 ._

g

-300 -200 -I00 0 100 200 300

Final vertical velocity, )_1, ft/sec

-2400

C]iAwr VII. \'arialion of vcrlical velocity with coast

lime to Imrn(mt :dtilu<h,.

400 ,T-

3,50 -
._--

3OO

250

>

2OO

o
c:

160

o

140 E
o
N
7-

120 _-

2000 4000 6000 8000 10,000 12,000
Range during coast, ARc, ft

('UAWr VIII. Vari.Jtion of ch:tnge in range during coast,

wiltt c<msl time to burmmt :dl it u<le.

('hm't VIII. Represenls the chnn_Ze in range

due I<> the coast l)eriod

:XlI,,: .i:ltc ,i:,,t:

('hart IX. llt,l)resents lhe nhitude change

during free fall due to verticM vek)city
nnd free-fail lime

=v,. :'p.,t.,:-+:I t?:

('hart X. llel)resents lhe solution

equation

,)_ _ ,):-'_,+-_,,:-_/t++

of the

where !13 is the verlical velocity after free
fall.

('h'u't XI. Represents the change in range

during free fallgiven by lhe equation

('h,_rt XIT. Represents the relation between

the absolute velocity vector and its hori-

zontal and vertical compom,nts as given by

l'a=cos 0 sin 0

where 0 is the llighl-path angle.

(:liar! X[II. Represents the amdog solution

of the equal ion of mot ion during tel rothrust

applicalion (along the velocily vector) for

F/w=2, 4, 6, S, and 10. The ch'mg'es ill

l'llllge llIll| altitude are given t) 3'

D tAll,= 1":,cos 0 d:
,Jr =0

' t
AD_= l'a sin 0 d/

l = 0

.Xll:z=_:J.c: for 1"4--0 and 0 90 °.
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CIIART IX.---Attitude eha.ge during free fall

due to vertical velocity and free-fall time.

Time during free foil, tff, sec

50 40 30 20 I0

60

70

80

9O

IOC

I00

90

80

70

tO

CHART X[. ('h:lI,_[' ill raug(, duri.g frt,(, fail.

(_HART X. Variation of vertical velocity after free fall

with free-fall altitude.

to 2O

Flight angle,

CiL_wr Xil.--lh.latio_t I)(,tw(_en absoh_tc v,.locity vector

and horizo_l-d "tim vertical COml)o.ents.

To illustrate the use of the included charts rot

the solution of the ballistic translatiomd maneu-

ver, stel)-by-step solutions of two sample l)rol)lems

are presented herein.

Example 1: Determine the fuel co,sumption

ratio for a h()rizontal translation of approximately

3 miles from an imtial altitude of 10,000 feet. The

in|tiM horizo.tal and vertical velocities are 20 amt

--100 feet pet" second (downward velocity), re-

speel ively.

A thrust-weight ratio of S is sI)(,eilied with tim

tirst trim boost t)vrMug time to of 6 seconds se-
lected.

(1) Determine 9_ and :/:_.

From ('hart I, F/w=S, t_=0 se(,

,0_= 157 ft/sec

From chart, l lI, l')'w-_, t_=6 sec
.i'_ 17_ fl .:'see

(2) Determi,e altitude and range change due
to burning.

From chart lI, _3_-_157, t_--6 sec
Ah_475 ft

From chart IV, 2_178, to:6 sec

_R_535 ft

(3) Calculato _ and 2_.

From chart V, _--57 ft/se(,

:/:_--2o+2o_ 20 + 17_ _ 1 !)8 ft/sec

(4) 1)etermin=ttion of &lgo aml &h0.

From (:]mrt, VI, .+_)--20 fl/s('(',

Y0 -- 100 ft/s('("
A/.,-- -- 600 fl

a_M, nogle('ling the mimes sigas for
the l'ltllge ('_lse_

3R0--120 ft

(5) Det(,rmi]w the change in r_mg(, during
coast retura lo 1)m'nout ,fltittuh, from

('harts VII and VIII aud 2_= 198 ft/s('('_.
t__ 21 st'(;

-XR¢=-4100 ft



ANALYSIS OF CLOSE LUNAR TRANSLATION TECHNIQUES 21

(6) Determine the change in range during

free fall and at)solute velocity and Hight-

path angle l)rior (o reirothrust.
Seh, ct free-fall altitude.

Tri,fl 1. Ah.i_,= 8150 ft.

From '_2=--_1=--57 ft/sec (step (.3))
and eh'u't IX

trr=45 see

From ehqrt X ?)3=--302 ft/sec

From chart XI, d:3 2t=198 if/see (step

(3))
ARz=8900 ft

From chart XII, _a=--302 fi/see,

d:_ = 198 ft/see

_,:_= 367 ft/see, 0= 57 o

(7) Determine change in range a n(l altitude
during retrollwust.

From chart XIII, v3-367 f(/see, 0=57 °

(_tep (2))
AR_=900 f_

Ah_= 1500 ft,

(S) Summation of range and altitude.

I, = .X1,,)+ Allb+ AI?_+ a Rir+ aRs

: 120+535+4100+8900+900

14,555 ft

Air A/_o+ A]__@ A/I,_7+ AhT
: -- 600 + 475-- 8150 -- 151)0
----9775 ft

Repeat steps (6) (o (S) with _hls=8350 ft

Ahz 8350 ft

Step (6a)
1z=47 see

Y3: -- 305 ft,/see

AR z 9300 ft

_,_3:370 ft/see, 0=57 °

Ste l) (7a)
va = 370 ft/sec

R_= 920 ft

At_ 1520 ft

Step (8a)

I,'= 14,975 ft
Ah=--9995 ft

(9" Determin'ttion of theoretical fuel con-

sumptio)L

From chart XIII(d), t_=9.5 see, to=6 se(:
Total l)ur))i))g time

tt:l_-]-t_: 15,5 see.

(i,7w) t, 7

=l_exp/(_ gX15.5. 5.4 \

= l--exp (--0.052)--1--0.049--0.051

wI_5.1 per('.ent
w0

Example 2: Determi)w the fuel eonsumplion

ratio and range for tlte initial conditions of

example 1 when the vertical velocity component

is increased from --100 to --200 feet: per second.
This will serve to illustrate a ballistic translation

where no eoas_ period occurs after boost burnout.

(1) l)etermine Yb and :rb.

From elmrt 1, _]"w:S, G--6 sec

!)o= 157 ft/see

From eharL ] II, F/w=S, /_:6 set'

:_,,= 17S l't/se('
(2) Determine a ltituth_ and range change due

to bur)ring.
From (:hart l[, .00=157 ft/see, t0=6 sec

Ah_--475 ft

From chart IV, :i:_--178 ft/se(:, t_:6 see

ARt,= 535 f(

(3) Cah'.ulate ?), and 21,

Fronl chart V, y_=--43 ft/see

k I =J!O-_,_'/)=20@ - 178 = 198 ft/see

(4) Deiermimltion of ARo and Aho.
From chart VI, _0--20 fI/'see and

7).= -- 200 ft/see
_]t,=-- 1200 fL

and, neglecting the minus signs for the

raIIge cllse,

_]:Ii 120 fl

(5) Inasmuch as ?)1 is downward (--43 ft/sec
from ('hart V), there is no coast period

as in eXaml)h: I an(t free f:)ll occurs
imme(lintely after the boost p]mse.

(6) ])et(,rmi))(_ the change in ra))ge (luring
free fall and al)sohtte velocity and flight-

path angle prior to re(rothrust. Select
free-fall al(itu(h_.

Trial 1. Ahzz=8000 ft

From !)_.... 43 fl/see (step (3))and

chart IX, tz=47.0 sec

From chart X, !)3=297 ft/see
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(s)

From chart XI, :i:a=a?l=198 ft/sec

(step (3)), .XR::=9315 t't

From chart XI1, ?)3:--097 ft/sec,
•i':t= 198 ft/sec

1"a=-357 ft/sec, 0=56.3 °

Deternfine change in range and ahitude

during ret rothrust.

From ('hart XI l [, Va=357 ft/see, 0=5t3.3 °

(step (6))
.._R, 860 ft

Ah,-- 1430 ft

Summation of range and altitude.

It--.Xlto+ alt_ t _R_+ aRv+ aR:
--- 120+535+0+9315+860

= 10,830 ft

Ah = 5ho +,-xh _ -_-5h :: + .Xh,
= -- 1200 p475--8000--1430

---10,155 ft

Repeat steps (6) to (S) with .Xh::=7S50 ft.

Step (6a)

t:: 46.5 sec
!}a= 294 ft/see

A17::=9210 ft

I'a :353 ft/see, 0= 56 °

Step (7a)

I'a -355 |'l/see
_1/,=870 ft

ah,= 1400 l't

Step (Sa)

L'= 10,735 ft
kh=9.q75 ft.

(9) I)etermim_fion of (heoreti(ml fuel cm,

sumption.

From (!hart XllI(d), t,-9.14 see,
t_=6 see

Total burning time t,=L-i U=15.14 se

_":=l----pV (I'>)t:]
w_ - L a,L_ A

5.4
=l--e:p[' S(15"14)X32.1J_400

= 1-- exl)(--O.0508 ) = 1 --0.95 =0.050
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(d) Thrust-weight ratio, 8.

CiL_wr Xlll. ('_,ntinued. Altitude cluing% range, and burning lime during final rutrotllrusl, as functions of iJfitial
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(e) Thrust-w_.ight ratio, 10.

C[_:+JtT XIII. ConehMed. Altilu(h' change, range, "tnd burning time during final rctrothru._t -ts ftmt.titm> of initial

tlight velocity and Ili<.z"ht-tmth -ingle.

u s GOVERNMENT pRENIINU OFFICEI96Z









!

./i

J _

¢ --

°

• -s ,

i
7 . -.




